Abstract: This paper deals with a three-phase power system with hybrid transformer (HT) installed between two AC sources. The main aim of this paper is analyze the basic properties of HT with active load and ability to bidirectional energy flow. The HT contains two main units -a conventional transformer with electromagnetic coupling and PWM AC line chopper connected with secondary windings with electric coupling. The HT is located between the distribution system and a Local Balancing Area (LBA) with low power local energy sources. After describing the HT circuit and three-phase, twosources power system, the mathematical and circuit models of the AC source with HT are presented. These models are verified by means of the simulation and experimental test results obtained for a three-phase HT of about 3 kVA rated power.
Introduction
The parameters of electric energy, its quality, are very important especially from the viewpoint of the end-user. The parameters of electric energy are well known and described in [1] . Classification of AC voltage variation is shown in Figure 1 . The voltage interruptions are divided into two types: short interruption (from 10 ms to 3 minutes) and long interruption (over 3 minutes) (Fig. 1 ).
An Expanded and centralized AC electrical system is exposed to many different faults. Moreover the energy is often transferred in the long distances (Fig. 2a) . The causes and effects of distortion in AC electrical system are shown in Figure 2 . In the case of dynamic variations in an AC electrical system, e.g. fast load changes, switching effects, atmospheric discharges, faults, on the consumer side, undesirable effects are generated, such as voltage dips (87.2% of all distortion in the power grid), interruptions and swells (Fig. 2b) [2, 3] .
In the case of the AC voltage supply changes, both downward and upward, there is a high risk of damage to devices, which are sensitive to voltage changes, for example: computers, transceiver devices, medical systems [4] [5] [6] . In the case of big plants and factories, voltage sags and swells may cause very large financial damage. The application of an AC-AC converter using Pulse Width Modulation (PWM) control strategy to build secondary supply sources (voltage sag and swell compensators and voltage regulators) mitigate unwanted detrimental effects in the supply [8] [9] [10] [11] [12] . Some types of AC voltage controller for compensation of deep and rapid voltage sags and overvoltages use the hybrid transformer (HT) described in [13] [14] [15] [16] [17] [18] [19] . A simplified schematic diagram of a HT connected to the AC power system is shown in Figure 3 . In this case the HT unit is working with a passive load as an AC voltage controller. In the case of modern AC power systems (smart grids) there are possibilities to connect low power renewable energy sources (photo voltaic panels -PV, wind generators) to low voltage AC systems. The renewable energy sources are connected to the grid by power electronic interfaces [8, 9] . Voltage fluctuations in low voltage AC power systems can be caused by turning on and turning off of renewable energy sources connected to the grid, being dependent on the condition of the source energy (wind, sun, water flow, etc.). Local AC systems (subsystems), such as residential houses, schools, academic campuses, etc., along with low power energy sources connected to a local AC subsystem is called a "Local Balancing Area" (LBA). In a LBA with low power local energy sources, during the operation of the subsystem there is a risk of change (fluctuation) in voltage amplitude in the LBA. This is caused by operational conditions (turn-on and turn-off) of energy sources connected to the LBA. In the case of a HT connected to a power system with a LBA (Fig. 4) , the HT in fact is loaded by active load. For this reason it is necessary to obtain bidirectional power flow in the HT circuit. This paper presents the modelling and analysis of a three phase hybrid transformer using the matrix chopper described in [15] with active load (two-sided supply). The next chapter describes the topology and operation of the presented HT. Following this are chapters on the simulation and experimental test results and conclusions.
Description of analysed circuit
The schematic diagram of the considered HT with active load is shown in Figure 5 where T S -switching period, t on -turn-on time of switches S 1 , S 3 , S 5 .
The output voltage of MC (u CL1 , u CL2 , u CL3 ) is linear depending on D [15, 16] and can by written as (2) .
The output voltage of HT (u L1 , u L2 , u L3 ) results from the addition of two voltages. The output voltage of MC (u CL1 , u CL2 , u CL3 ) and secondary voltage (u S1 n b , u S2 n b , u S3 n b ) is induced in secondary windings of TR (b 1 , b 2 , b 3 ). Therefore load voltage of HT can by expressed as
According to (2) , the idealized voltage transmittance of MC can be written as (4) [15, 16] and is shown in Figure 7 .
According to (3), the idealized voltage transmittance of HT can by described by (5) and is shown in Figure 7 . 
The output voltage of HT u L is dependent on duty cycle D (Fig. 7) , and for the considered circuit is controlled from 0.66u S to 2u S [15, 16] .
Shown in Figures 8 and 9 are exemplary idealized voltage waveforms illustrating the operation of the presented circuit for various values of pulse duty factor D, in condition U S = U 0 with low switching frequency f S = 500 Hz. To give an operational illustration, a resistance load is used. As is visible in Figures 8 and 9 , the phase of the load current i 0 in the HT circuit is dependent on the value of pulse duty factor D. If the output voltage of the HT (U L ) is greater than the active load voltage (U 0 ) (Fig. 9) then the current i 0 is in phase with the output voltage of the HT. This means that energy is transferred from the source U S to the load (from power system I to power system II). In the case when the output voltage of the HT is less than the active load voltage (U S < U 0 ) (Fig. 8) then the current i 0 is in opposite phase in relation to the output voltage of the HT. This means that energy is transferred from the active load to the voltage source U S (from power system II to power system I).
Theoretical analysis
Assuming a symmetrical and balanced circuit in the HT and a symmetrical three-phase supply source and active load source, we can show the circuit in Figure 5 as a single phase circuit [15] . Taking into account a substitute scheme of transformer [20] and an averaged circuit model of the matrix chopper [21] , the single-phase schematic diagram of the considered HT, after converting all parameters of the TR to a secondary side, is shown in Figure 10 . The parameters of the transformer TR after conversion to the secondary side are collated in Table 1 .
On the basis of Thevenin's method, and according to Figure 10 , we can very simply obtain the simplify substitute circuit of the analyzed HT with substitute source (Fig. 11) . The equivalent source and equivalent impedance of the analysed HT from Figure 11 in complex form are defined as (6) and (7) where U 1 and U 2 are voltages being converted to the secondary side of the transformer TR (Fig. 10, Table 1 ).
The static characteristics of (6) and (7) and the phase of magnitude of E HT as a function of duty cycle D are shown in Figures 12 and 13 . In Figure 13 we can see the static characteristics of the substitute source |E HT | as a function of duty cycle D. Phase shifting E HT voltage (Fig. 14) is caused by passive elements of input and output filters in MC topology and by reactance elements of TR (Fig. 10 ).
Simulation and experimental tests results

A) Simulation results
The parameters of the simulation circuit of the analysed HT with active load are collated in Table 2 . The presented simulation results were obtained from the dedicated simulation program PSim. In the simulation model was used idealized passive components and ideal switches. Therefore, the simulation model was operated without dead time.
As is visible in Figs. 15 and 16 , the output voltage of the HT (U L ) is dependent on duty cycle D. In the case when the output voltage U L is less than the active load voltage U 0 (U L <U 0 ) the current i 01 in the HT circuit is in the opposite phase in relation to the source voltage u S1 . For this reason the instantaneous power p L has negative value (Fig. 15) . This means that energy is transferred from source voltage U 0 . If U L >U 0 (Fig. 16) , then instantaneous power p L is positive. This means that energy is transferred from source voltage U S .
In the case when source voltage U L is equal to load voltage U S (Fig. 17 ) the current I 0 ≈ 0 and the averaged value of power P ≈ 0. This means that energy is not transferred in these conditions. 
B) Experimental results
A three-phase, 1-kVA prototype has been built and tested in an open-loop control condition. The parameters of the experimental model are shown in Table 3 . The matrix chopper is controlled via a PWM control strategy. The switching frequency is set to 5 kHz, and the "dead time" for commutation is set at 0.7 μs. The bidirectional switches are implemented with two IRG4PHUD IGBTs connected in emitter-to-emitter configuration. For reasons of safety the AC input rated voltage was 50 V RMS . The output voltages of considered HT are depend on duty cycle D and can be adjusted flexible from a value smaller than source voltages (Fig. 18a) to about two times greater than source voltages (Fig. 18b) . As is visible in Figs 19-21 , the instantaneous power can be either positive (Fig. 21) or negative (Fig. 19 ) in value. If the averaged value of instantaneous power p (active power) has a positive value then energy is transfered from source voltage U S to load voltage U L , and oposite when p has a negative value. The acquired experimental results validate the theoretical and simulation analysis.
Conclusions
In this paper a three phase hybrid transformer using a matrix chopper with unsynchronized active load has been presented. The circuit and operation have been described, and the main characteristics and waveforms have been shown. This prototype was operated using a control strategy based on the PWM modulation of the IGBTs. The described solution allows the possibility for bidirectional energy flow in a power system with active load. The acquired experimental results validate theoretical and simulation analysis. Theoretical analysis, in compare to simulation and experimental tests, was based on averaged circuit model (stationary model). The non-stationary simulation model was constructed with bidirectional ideal switches and idealized passive elements. The theoretical, simulation and experimental test results are consistent. Future research will be focused on the analysis of the HT with an active load and closed-control loop and possibility to control energy transfer in low voltage power systems under conditions of source and load voltage fluctuations.
